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vax2Dorsal–ventral patterning of the vertebrate retina is essential for accurate topographic mapping of retinal
ganglion cell (RGC) axons to visual processing centers. Bone morphogenetic protein (Bmp) growth factors
regulate dorsal retinal identity in vertebrate models, but the developmental timing of this signaling and the
relative roles of individual Bmps remain unclear. In this study, we investigate the functions of two zebraﬁsh
Bmps, Gdf6a and Bmp4, during initiation of dorsal retinal identity, and subsequently during lens
differentiation. Knockdown of zebraﬁsh Gdf6a blocks initiation of retinal Smad phosphorylation and dorsal
marker expression, while knockdown of Bmp4 produces no discernable retinal phenotype. These data,
combined with analyses of embryos ectopically expressing Bmps, demonstrate that Gdf6a is necessary and
sufﬁcient for initiation of dorsal retinal identity. We note a profound expansion of ventral retinal identity in
gdf6a morphants, demonstrating that dorsal BMP signaling antagonizes ventral marker expression. Finally,
we demonstrate a role for Gdf6a in non-neural ocular tissues. Knockdown of Gdf6a leads to defects in lens-
speciﬁc gene expression, and when combined with Bmp signaling inhibitors, disrupts lens ﬁber cell
differentiation. Taken together, these data indicate that Gdf6a initiates dorsal retinal patterning independent
of Bmp4, and regulates lens differentiation.© 2009 Elsevier Inc. All rights reserved.IntroductionIn the developing vertebrate retina, early proliferating cells are
imparted positional information through the expression of spatially
restricted genes. This positional information is required for accurate
topographic mapping of retinal ganglion cell (RGC) axons to the optic
tectum, the primary visual processing center in zebraﬁsh. The eye is
patterned along the dorsal–ventral and nasal–temporal axes imme-
diately after formation of the optic vesicle. Along the dorsal–ventral
axis, studies in model organisms have implicated Bmp and Wnt
signaling pathways in the determination of dorsal cell fate (Gosse and
Baier 2009; Behesti et al., 2006; Sakuta et al., 2001, 2006; Plas et al.,
2008; Veien et al., 2008; Zhou et al., 2008), while retinoic acid and
Sonic Hedgehog signaling are required for specifying ventral cell
identity (Lupo et al., 2005; Halilagic et al., 2007). However, these
models have not yet resolved what factors are required for the
initiation of dorsal cell fate.
Current models of dorsal–ventral retinal patterning involve a
dorsal-high to ventral-low gradient of Bmp signaling, resulting from
bmp2 and bmp4 expression in the dorsal retina and surrounding
tissues (Sakuta et al., 2001, 2006; Plas et al., 2008) and the expression
of Bmp inhibitors in the ventral retina (Sakuta et al., 2001). In zebraﬁsh,
the Bmp ligand Gdf6a is necessary for late stages of dorsal–ventrall rights reserved.retinal patterning, possibly requiring interactions with Bmp4 (Gosse
and Baier, 2009). This Bmp signaling gradient drives the expression of
dorsally restricted transcription factors, the t-box (tbx) family of
homeodomain proteins being of particular importance in retinal
patterning. Over-expression studies have supported an antagonistic
relationship between dorsal tbx5 and the ventral anterior homeobox
(vax2) gene, thereby maintaining distinct dorsal and ventral domains
within the retina (Koshiba-Takeuchi et al., 2000; Schulte et al., 1999).
Additionally, these transcription factors regulate the polarized expres-
sion of axon guidance molecules, mainly of the ephrin (efn) family of
ligands in the dorsal retina, and their receptors, the eph tyrosine
kinases in the ventral retina (reviewed by Erskine and Herrera, 2007),
leading to correct topographic mapping of RGCs on the optic tectum.
Retinal patterning begins immediately after evagination of
retinal precursors, as evidenced by initiation of tbx5 expression in
the presumptive dorsal retina (Veien et al., 2008). Abrogation of
the canonical Wnt pathway results in reduced dorsal marker gene
expression, but Wnt signaling has no effect on initiation of these
genes. Given these data, we can conclude that there are two
discrete phases of dorsal retinal patterning, the initiation of dorsal
markers, such as tbx5, and subsequently the maintenance phase,
where discrete signaling pathways cause dorsal identity to persist.
Although Bmp molecules are necessary for dorsal identity, it is not
known if they function in either initiation or maintenance phases.
Bmp signaling has also been implicated in the development of
non-neural ocular tissues, mainly the induction of lens tissue and
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induced by contact of the surface ectoderm with the optic vesicle,
resulting in the invagination of the lens placode (Dahm et al., 2007).
Upon formation of the lens vesicle, epithelial cells in the anterior half
continue to proliferate, while cells in the posterior half differentiate
into primary and secondary ﬁber cells characterized by increased
length and crystallin gene expression. Mice lacking both bmp4 and
bmp7 have severe defects in lens placode induction, indicating that
Bmps control the earliest stages of lens development (Furuta and
Hogan, 1998; Wawersik et al., 1999). Inhibition of Bmp receptors,
either in mice or cell culture systems, also blocks differentiation of
primary lens ﬁbers (Faber et al., 2002). Moreover, in a cell culture
system that allows normal lens cell development at early stages, but
perturbs Bmp signaling at later stages of development, secondary ﬁber
cell differentiation was aberrant (Boswell et al., 2008), indicating that
Bmps can potentially affect all stages of lens development in
vertebrates.
In this work we describe a role for Gdf6a in both dorsal–ventral
retinal patterning and lens development. Gdf6a is a growth factor
expressed in the early embryo with a deﬁned role in patterning the
dorsal–ventral body axis (Sidi et al., 2003). It acts upstream of other
Bmp molecules (Sidi et al., 2003) and can affect eye development in
humans and model organisms (Gosse and Baier, 2009; French et al.,
2007; Asai-Coakwell et al., 2007), leading to coloboma and micro-
phthalmia when mutated (Asai-Coakwell et al., 2009). Here, we
present evidence using both knockdown and transgenic ectopic
expression experiments, that Gdf6a is required for the initiation of
dorsal retinal identity in zebraﬁsh independent of Bmp4 function. We
also show that Gdf6a is responsible for gene expression in the lens,
and loss of Bmp signaling leads to aberrant lens ﬁber cell development
in zebraﬁsh.Material and methods
Morpholino injections and in situ hybridization
Two splice blocking morpholinos were used to knockdown Gdf6a
function. The ﬁrst morpholino binds to the 5′ splice site (MO1-
GCAATACAAACCTTTTCCCTTGTCC) of the exon 1–intron 1 boundary,
while the second binds 3′ splice site of the intron 1–exon 2 boundary
(MO2-GAGATCGTCTGCAAGATAAAGAGAA) in the gdf6a pre-mRNA
transcript. Both morpholinos result in the production of a gdf6a
mRNAmolecule with retention of a portion of the lone intron, leading
to frameshift in the reading frame (Asai-Coakwell et al., 2007). To
ensure speciﬁc effects, both gdf6a morpholinos were co-injected
with a translation blocking morpholino directed against p53
(GCGCCATTGCTTTGCAAGAATTG), which has been shown to reduce
the severity of morpholino induced off-target effects (Robu et al.,
2007). Injections consisted of 5–10 ng of gdf6a morpholino, and 2 ng
of p53 morpholino per embryo. All data shown are from embryos
injected with gdf6aMO1, however injections with MO2 produced the
same phenotypes. Effectiveness of morpholinos to gdf6a was
conﬁrmed with RT-PCR (Asai-Coakwell et al., 2007). All wildtype
embryos were injected with 2 ng of p53 morpholino.
For inhibition of Tbx5, a translation blocking morpholino was
utilized (GAAAGGTGTCTTCACTGTCCGCCAT; Ahn et al., 2002). To
prevent off-target effects, co-injection with the p53 morpholino was
also performed. Each embryo was injected with 5 ng of tbx5
morpholino and 2 ng of p53 morpholino and compared to wildtype
embryos injected with 2 ng of p53 morpholino.
Inhibition of Bmp4 was accomplished using a bmp4 splice blocking
morpholino (GGTGTTTGATTGTCTGACCTTCATG; Chocron et al., 2007).
This morpholino phenocopies a bmp4 null mutant (Stickney et al.,
2007), causing mildly dorsalized embryos when injected at a dose of
6 ng per embryo. The bmp4 morpholino was co-injected with 2 ng ofp53 morpholino and compared to wildtype embryos injected with
2 ng of p53 morpholino.
Whole mount in situ hybridization analysis was performed
essentially as described (Prince et al., 1998), with the following
modiﬁcations: probes were not hydrolyzed; Proteinase K treatment
(10 µg/ml) was performed for 3min (18–28 hpf embryos) or for 1min
(2 somite–10 somite embryos); Bmp probes were developed using BM
Purple (Roche, Indianapolis, IN); and Bmp probes were hybridized for
40 h. Embryos were manually deyolked, and photographed using a
Zeiss AxioImager Z1 compoundmicroscope and an AxiocamHR digital
camera or on an Olympus stereoscope with a Qimaging micropubl-
isher camera. Embryos were raised at 25–33 °C and staged according
to published staging hallmarks (Kimmel et al., 1995). All experiments
were independently repeated three times.
Immunohistochemistry
Smad phosphorylation assays were carried out using a rabbit
polyclonal antibody speciﬁc for phosphorylated Smads 1/5/8 (Cell
Signaling, Danvers, MA). Embryos were ﬁxed in 4% paraformaldehyde,
and permeabilized with Proteinase K (10 µg/ml) for 1 min (2 somite–
10 somite embryos), or for 3 min (24–28 hpf embryos). Embryos were
blocked in 10% goat serum, 1% BSA, and 0.1% Triton X-100, and
incubated overnight at 4 °C in the primary antibody. Embryos were
washed 5 times for 5 min in PBSDTT (phosphate buffered saline+1%
DMSO, 0.1% Tween-20, and 0.1% Triton X-100). Embryos were then
incubated in anti-rabbit Alexa Fluor 488 or 568 (Invitrogen, Carlsbad,
CA) for 2 h at room temperature and washed 5 times for 15 min, in
PBSDTT. Images were taken using either a Zeiss 510 or Leica TCS-SP2
confocal system.
For cryosections, 4 dpf wildtype andmorphant larvaewere ﬁxed in
4% PFA, 5% sucrose, embedded and 10 μm sections were cut as
previously described (Barthel and Raymond, 1990). Sections were
stored at −20 °C, and were allowed to adhere for 1 h at room
temperature before rehydratation for 30 min in PBST prior to use.
Sections were blocked in 5% BSA/1% goat serum in PBST for 1 h at
room temperature. The Zl-1 monoclonal antibody (ZIRC, Eugene OR)
was added in blocking solution (1/100) for overnight incubation at
4 °C. Embryos were then washed 5 times for 5 min in PBS and labeled
with Phalloidin Alexa Flour 546 (1/50) and Alexa Flour 488 for
visualization of Zl-1. Hoechst nuclear stain was added at a concentra-
tion of 10 mg/ml. Slides were washed 5 times for 5 min in PBS, and
mounted in 70% glycerol for imaging with a Zeiss Axioskop 2 and a
RetigaEXi camera.
Inhibitor studies
Dechorionated embryos were incubated in Dorsomorphin
(100 μM; BioMol, PA) beginning at tailbud stage until ﬁxation at
28 hpf. Dorsomorphin was dissolved in DMSO and added to ﬁshwater
for analysis at 28 hpf. Wildtype embryos were incubated in an equal
volume of DMSO/ﬁshwater. For analysis of embryos at 4 dpf,
Dorsomorphin was added to embryo media containing 0.003% PTU
at a concentration of 25 μM starting at 2 dpf.
Generation of transgenic ﬁsh
To drive Bmp-pathway genes speciﬁcally in the developing eye, we
used the Tol2kit multi-site Gateway cloning system (Kwan et al.,
2007). A 3.6 kbp fragment of the medaka rx3 promoter (a kind gift
from Felix Loosli and Joachim Wittbrodt; Rembold et al., 2006) was
ampliﬁed by PCR and cloned into the pDONRP4-P1R 5′ entry vector to
generate p5E-rx3. Full length ORFs for zebraﬁsh gdf6a, smad7, and a
constitutively active version of human BMPR1a (a kind gift from the
Niswander lab; Zou et al., 1997) were cloned into the pDONR221
middle entry vector to generate pME-gdf6a, pME-smad7 and pME-
Fig. 2. Morpholino inhibition of gdf6a results in aberrant expression of axon guidance
molecules. The expression of efnb2a is found in the dorsal retina and lens (A) and is lost
in the retina in gdf6a morphants. Expression in the lens is not affected (B). The
expression of ephb2 and ephb3 is found in the ventral retina in wildtype animals (C, E),
although the domain of epbb3 is more restricted compared to ephb2. The expression of
ephb2 is expanded throughout the retina in gdf6amorphants (D), as is the expression of
ephb3 (F), albeit to a lesser extent than ephb2. All embryos were staged to 28 hpf.
Fig. 1. Loss of dorsal signaling and expansion of ventral gene expression in gdf6a
morphants. The phosphorylation of Smad 1/5/8 proteins is found in the dorsal retina
and lens (A) and is lost in gdf6amorphants (B). The expression of dorsal markers tbx5,
aldh1a2, bambi, (C, E, G) are lost in gdf6a morphants (D, F, H). The expression of the
ventral speciﬁc vax2 (I) and is expanded throughout the retina in gdf6a morphants (J).
The expression of the ventral speciﬁc aldh1a3 is found also in the ventral retina (K), and
is expanded in gdf6a morphants (L). All embryos were staged to 28 hpf.
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(Invitrogen) between p5E-rx3, p3E-polyA, pDestTol2pA2, and one of
pME-gdf6a, pME-smad7 or pME-caBMPR1a were performed to gen-
erate pDestTol2pA2;rx3:gdf6a-polyA, pDestTol2pA2;rx3:smad7-polyA
and pDestTol2pA2;rx3:caBMPR1a-polyA constructs. Similar reactions
were also carried out using p3E-IRES-EGFPpA in place of the p3E-
polyA plasmid to yield pDestTol2pA2;rx3:gdf6a-IRES-EGFPpA, pDest-Tol2pA2;rx3:caBMPR1a-IRES-EGFPpA, and pDestTol2pA2;rx3:smad7-
IRES-EGFPpA constructs. Transient transgenic zebraﬁsh embryos were
created by injecting 50 pg of the Tol2 constructs along with 25 pg of
Tol2 transposase mRNA synthesized from NotI linearized pCS2FA-
transposase plasmid using the SP6 mMessage mMachine kit (Ambion,
Austin TX).
Results
Knockdown of Gdf6a results in loss of dorsal retinal identity and
expansion of ventral retinal identity
Canonical Bmp signaling activates the phosphorylation of the
Smad 1/5/8 family of transcription factors, leading to the regulation of
target genes. Inwildtype embryos, phosphorylation of Smads 1/5/8 is
observed in the dorsal retina (Fig. 1A). Knockdown of Gdf6a using a
splice blocking morpholino abolishes phosphorylation in the dorsal
retina at 28 h post fertilization (hpf) (Fig. 1B) and an absence of all
dorsal retinal markers tested. The expression of tbx5, a transcription
factor required for dorsal cell identity, is lost in gdf6amorphants (Figs.
1C, D). Similarly, the expression of both aldehyde dehydrogenase 1a2
(aldh1a2), which encodes a protein necessary for the synthesis of
retinoic acid (RA), and bambi, a Bmp pseudoreceptor under the
transcriptional control of Tgf-β signaling (Sekiya et al., 2004), are also
absent in gdf6a morphants (Figs. 1E–H).
In contrast to the normal restricted expression of vax2 to the
ventral region of the retina and optic stalk (Fig. 1I), this expression is
expanded throughout the entire retina in gdf6a morphant embryos
(Fig. 1J) indicating ventralization of the retina. Expression of aldehyde
dehydrogenase 1a3 (aldh1a3), normally found in only a few cells
surrounding the choroid ﬁssure (Fig. 1K), is expanded in gdf6a
morphants, albeit to a lesser extent than that of vax2 (Fig. 1L). Taken
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the speciﬁcation of dorsal identity in the retina, and in the absence of
Gdf6a, the retinal cells adopt a ventral fate.
Expression of axon guidance molecules of the eph/ephrin family is
altered in gdf6a morphants
The expression of ephrin ligands, found in the dorsal retina, and
eph receptors, found in the ventral retina, are known to inﬂuence
axon pathﬁnding and topographic mapping of retinal ganglion cells. In
wildtype embryos, ephrinb2a (efnb2a) is expressed in the dorsal
retina and lens at 28 hpf (Fig. 2A). Morpholino inhibition of gdf6a
results in loss of the dorsal retinal speciﬁc expression, while lenticular
expression is unaffected (Fig. 2B). Expression of the eph receptor B2
(ephb2) is found speciﬁcally in the ventral domain of the retina in
wildtype embryos at 28 hpf (Fig. 2C), and is expanded throughout the
entire retina in gdf6amorphants (Fig. 2D), in a manner similar to that
of vax2 (compare to Fig. 1J). In contrast, the expression of ephb3,
which is observed in a more restricted ventral domain in wildtype
embryos at 28 hpf (Fig. 2E), is expanded dorso-nasally, but is not
found throughout the retina (Fig. 2F). Overall, we conclude that Gdf6a
signaling is responsible for the restricted expression of a subset of
axon guidance molecules within the retina.
Both gdf6a and bmp4 are expressed within or adjacent to the eye ﬁeld
during early development
Chick BMP4 has previously been implicated in regulating dorsal
retinal identity, implying that its zebraﬁsh ortholog may play a similar
role in the retina. Previous research has analyzed Bmp expression
patterns during eye formation (Veien et al., 2008). We extended the
range of embryonic stages of this analysis by performing in situ
hybridizationwith probes against zebraﬁsh bmp4 and gdf6a during allFig. 3. Analysis of Bmp expression in the retina. gdf6a expression is ﬁrst detected at the 3 som
polster (B). The expression domain of gdf6a is reduced by 6 somites, but still located adjacent
somites, both gdf6a and bmp4 expression are found within the presumptive dorsal retina (E
28 hpf, both gdf6a and bmp4 are conﬁned to the dorsal retina (G, H), and are down-regulatstages of optic vesicle formation. The expression of gdf6a is ﬁrst
detected adjacent to the eye ﬁelds at the 3 somite stage (Fig. 3A),
while bmp4 expression is limited to the extraembryonic polster (Fig.
3B). By the 6 somite stage, gdf6a continues to be expressed adjacent to
the eye ﬁelds, however the domain does not extend as far posteriorly
as seen at 3 somites (Fig. 3C). bmp4 expression continues to be
restricted to the polster at this time (Fig. 3D). No change in the
expression of gdf6a or bmp4 is observed via gdf6a knockdown at
either the 3 or 6 somite stages (data not shown). By the 10 somite
stage, expression of both gdf6a and bmp4 is found in the developing
eye vesicle (Figs. 3E, F), and is highly reduced via morpholino
knockdown of gdf6a (Figs. 3I, J). This ﬁnding indicates not only that
Gdf6a is required to regulate bmp4 expression in the retina, but also
that the initial extraocular source of Gdf6a is required to initiate its
own retinal expression. The same trends are observed at 28 hpf, when
both gdf6a and bmp4 are expressed speciﬁcally within the dorsal
retina (Figs. 3G, H), and is lost in gdf6a morphants (Figs. 3K, L).
Gdf6a is required for initiation of dorsal retina patterning
The expression of the dorsal speciﬁc transcription factor, tbx5, is
not detected at the 3 somite stage in either wildtype or gdf6a
morphant embryos (Figs. 4G, J) and is ﬁrst detected in wildtype
embryos at 12 hpf (6 somite stage; Veien et al., 2008 and Fig. 4H),
when gdf6a is expressed just posterior to the eye (Rissi et al., 1995;
Veien et al., 2008; and Fig. 3C). The phosphorylation of Smad 1/5/8
proteins is ﬁrst detected in the developing eye at this time (Fig. 4B)
indicating that Bmp signaling is active. Phosphorylation becomes
more robust by the 10 somite stage (Fig. 4C), as does the expression of
tbx5 (Fig. 4I). Morpholino inhibition of Gdf6a abolishes Smad phos-
phorylation at all tested developmental time points (Figs. 4E, F),
indicative of a complete lack of canonical Bmp signaling in the retina.
Similarly, the expression of tbx5 is not initiated at the 6 somite stage inite stage adjacent to the developing eye ﬁeld (A), while bmp4 expression is limited to the
to the eyecups (C). bmp4 expression is still conﬁned to the polster at 6 somites (D). By 10
, F). Morpholino inhibition of Gdf6a reduces the expression of gdf6a and bmp4 (I, J,). By
ed in gdf6a morphants at 28 hpf (K, L).
Fig. 4. Gdf6a is required for initiation of dorsal–ventral retinal patterning. The phosphorylation of Smad 1/5/8 proteins is not observed inwildtype or morphant embryos at 3 somites
(A, D), nor is the expression of the dorsal markers tbx5 and bambi (G, J, M, P). Phosphorylation of Smad proteins is observed by the 6 somite stage (B), and is not detected in gdf6a
morphants (E). Phosphorylation becomes more robust by 10 somites in wildtype embryos (C) and is still not detected in gdf6a morphants (F). The expression of tbx5 and bambi is
initiated in the retinal tissue at 6 somites (H, N), and is not detected in gdf6amorphants (K, Q). Expression becomes more robust at 10 somites (I, O), and is still not detected in gdf6a
morphants (L, R). The expression of vax2 is not detected in either wildtype or morphant animals at 3 somites (S, V). Expression is conﬁned to the forebrain at 6 somites (T) and is not
altered in gdf6amorphants (W). Expression of vax2 is detected in the forebrain and presumptive ventral retina inwildtype animals at 10 somites (U), and is mildly expanded in gdf6a
morphants (X). Dotted circles delineate the optic cup. Black arrows point to the expanded expression of vax2 in gdf6a morphants.
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Fig. 5. Over-expression of Gdf6a signaling components induces dorsal identity and represses ventral identity. The phosphorylation of Smad 1/5/8 proteins is induced in the
presumptive ventral retina when either gdf6a or BMPR1a is expressed using the Medaka rx3 promoter (B, C). This effect is cell non-autonomous with respect to gdf6a, as
phosphorylation is induced in cells surrounding those that express rx3:gdf6a-IRES-GFP (Q–S). Expression of caBMPR1a exerts its effects in a cell autonomous fashion as
phosphorylation is detected speciﬁcally in cells that express rx3:caBMPR1a-IRES-GFP (T–V). The expression of tbx5 (E, F) and bambi (I, J) are also induced ectopically in the retina
under both conditions. The expression of vax2 is found in the retina just proximal to the forebrain in wildtype embryos (M), and this expression is lost in embryos expressing either
gdf6a (N) or BMPR1a (O). Expression of the inhibitory smad7 via the rx3 promoter inhibits phosphorylation of Smad 1/5/8 proteins (D), as well as the expression of tbx5 (H) and
bambi (L). Smad7 works in a cell autonomous fashion as Smad phosphorylation is speciﬁcally inhibited in cells expressing rx3:smad7-IRES-GFP (W–Y). Expression of smad7 has no
effect on the retinal expression of vax2 (P). All embryos were staged to 10 somites. White arrows indicate ectopic Smad 1/5/8 phosphorylation in the presumptive ventral retina,
while black arrows indicate ectopic expression of dorsal genes in the presumptive ventral retina. Arrowheads point to the reduction of vax2 expression in the presumptive ventral
retina in embryos over-expressing gdf6a or caBMPR1a.
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(Fig. 4L). Thus, Gdf6a function is required for the phosphorylation of
Smad 1/5/8 proteins and the expression of tbx5 from the earliest
stage of retinal patterning, indicating that dorsal retinal patterning is
never initiated a gdf6a morphant background. The expression of
bambi is initiated in the polster at the 2 somite stage (Fig. 4M), and is
found in the developing eye vesicle by the 6 somite stage (Fig. 4N).
Like tbx5, retinal bambi expression becomes more robust by the 10
somite stage (Fig. 4O). Expression of bambi is strongly down-
regulated in the eye vesicle at both the 6 somite stage and 10 somite
stage, (Figs. 4Q, R) in gdf6a morphants, but some residual expression
persists. In contrast to our observations in the retina, expression in the
polster at 3 somites is not affected by morpholino inhibition of Gdf6a
(Fig. 4P). As no Smad phosphorylation is observed in the polster at this
time (Fig. 4D), this expression is likely due to Gdf6a-independent
signaling mechanisms.
The expression of vax2 is not detected at the 3 somite stage in both
wildtype or gdf6a morphant embryos (Figs. 4S, V) and is conﬁned to
the forebrain at 6 somites (Fig. 4T) ﬁrst detected at the 6S stage (Fig.
4T), at the same time as tbx5. Expression is conﬁned to the forebrain
and proximal optic vesicle at this time. Retinal expression becomes
more robust by the 10 somite stage (Fig. 4U). In gdf6a morphants,
vax2 expression at the 6 somite stage is not altered (Fig. 4W). The
expression domain of vax2 is expanded at the 10 somite stage (Fig.
4X), however expression is not found throughout the entire retina as
seen in gdf6amorphants at 28 hpf. This implies that vax2 expression is
under multiple regulatory inputs, including antagonistic signals from
the dorsal retina and activating signals from the ventral retina, which
differ between the 6 somite stage and 28 hpf.
As other Bmp ligands are expressed at early stages of eye
development, we tested whether Bmp4 is required for either initiation
or maintenance of dorsal retinal patterning. Morpholino inhibition of
bmp4 does not affect the phosphorylation of Smad 1/5/8 proteins at
any stage tested (Supplementary Figures 2A–G), nor is the expression
of tbx5 altered in these embryos (Supplementary Figures 2H–M),Fig. 6. Morpholino inhibition of Tbx5 affects dorsal, but not ventral gene expression. The re
remains unchanged (A, B). The expression aldh1a2 is lost (C, D), while the expression of bam
and aldh1a3 (K, L) are not altered in tbx5 morphants. All embryos were staged to 28 hpf.indicating that Bmp4 is not required for these processes. Knockdown
of Bmp4 does, however, cause a loss of ventral tail ﬁn, as well as
reduction of ﬂk1 expression, phenotypes identical to the previously
published bmp4 null mutant (Stickney et al., 2007).
Over-expression of Gdf6a signaling components in the early eye ﬁeld
induces dorsal gene expression and represses ventral gene expression
Embryo-wide over-expression of gdf6a profoundly ventralizes the
embryo, and suppresses eye formation (Goutel et al., 2000). To
circumvent this difﬁculty and to test whether Gdf6a signaling is
sufﬁcient to drive expression of dorsal retinal markers, we over-
expressed gdf6a, and a constitutively active form of the human Bmp
type 1 receptor (caBMPR1a) under the control of the rx3 promoter
from Medaka (Oryzias latipes). The rx3 promoter can drive gene
expression in all retinal progenitor cells from the onset of their
speciﬁcation (Loosli et al., 2003; Rembold et al., 2006). The
effectiveness of this system is demonstrated by the observation that
we can restore Smad phosphorylation in gdf6amorphants expressing
rx3:gdf6a (Supplemental Figures 1A–C). Similarly, we can restore tbx5
and bambi expression in gdf6a morphants by expressing either rx3:
gdf6a or rx3:BMPR1a (Supplemental Figures 1D–K).
Expression of gdf6a throughout the eye vesicle increases phos-
phorylation of Smad 1/5/8 proteins in all embryos tested, and
expands the domain where phosphorylation is detected to the
presumptive ventral region (n=18/18, compare Figs. 5A and B).
This effect is non-cell autonomous, as cells expressing rx3:gdf6a
induce the phosphorylation of Smad 1/5/8 proteins in surrounding
cells (Figs. 5Q–S). We observe the same phenotype in embryos
expressing caBMPR1a (n=13/13, Fig. 5C), though the effects aremore
mosaic, representing the cell autonomous nature of the constitutively
active receptor (Figs. 5T–V). To determine whether these changes in
Smad phosphorylation result in altered retinal dorsal–ventral axis
speciﬁcation, we examined tbx5, bambi, and vax2 expression. We
observe that the expression of both tbx5 and bambi is induced in thetinal expression of efnb2a is lost in tbx5 morphants, while the lens-speciﬁc expression
bi is highly down-regulated (E, F). In the ventral retina, vax2 (G and H), ephb2 (I and J),
Fig. 7. Dorsomorphin inhibits Smad phosphorylation and tbx5 expression. The nuclear
localized Smad 1/5/8 is reduced upon incubation in 100 μM Dorsomorphin (A, B). The
expression of tbx5 is reduced in these embryos (C, D). The dorsal limit of vax2
expression is slightly raised upon incubation in Dorsomorphin (E, F). All embryos were
staged to 28 hpf.
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16/16 embryos for bambi; Figs. 5E, F, I, J) or caBMPR1a is ectopically
expressed (n=1/14 embryos for tbx5; 3/16 embryos for bambi; Figs.
5E, G, I, K). Moreover, the expression of the ventral speciﬁc vax2 is
repressed in the presumptive ventral retina when either gdf6a
(n=18/19) or caBMPR1 (n=9/15) is ectopically expressed (compare
Figs. 5Owith 5M). Taken together, Gdf6a signaling is sufﬁcient to drive
the expression of dorsal retinal markers, and to inhibit the expression
of ventral markers within the presumptive dorsal retina.
To corroborate our morpholino knockdown experiments, we also
expressed inhibitory smad7 under the transcriptional control of the
rx3 promoter to block Bmp signaling in the early developing eye.
The effectiveness of this assay is demonstrated by the fact that Smad
1/5/8 phosphorylation is not detected in cells expressing the smad7
transgene (Figs. 5W–Y) and thus inhibits Smad 1/5/8 phosphoryla-
tion in a mosaic and cell autonomous fashion (Fig. 5D). Additionally,
the expression of tbx5 (n=11/15) and bambi (n=8/16) is inhibited
via over-expression of smad7 (Figs. 5H, L). In contrast to the Gdf6a
knockdown results, the expression of vax2 is not expanded or found in
the presumptive dorsal retina at early stages of eye development
through over-expression of smad7 (Fig. 5P). Overall, the results of
smad7 over-expression in the developing retina suggest that Gdf6a
exerts its inﬂuence on dorsal patterning through Smad 1/5/8-
mediated transcriptional regulation of Bmp target genes.
Morpholino knockdown of Tbx5 inhibits dorsal gene expression, but has
no effect on ventral gene expression
Tbx5 has known roles in ﬁn and heart development, in addition to
retinal patterning. Mutations in tbx5, or inhibition of Tbx5 using a
translation blocking morpholino, result in aberrant pectoral ﬁn
development (Garrity et al., 2002; Ahn et al., 2002) and cardiac
phenotypes that include stretched and un-looped hearts (Garrity
et al., 2002). To ensure our tbx5 morpholino speciﬁcally knocked
down Tbx5 function, we quantiﬁed pectoral ﬁn and heart defects in
tbx5 morphants, in addition to retinal phenotypes. tbx5 morphants
displayed a complete loss of pectoral ﬁns by 72 hpf (30/30 embryos,
100%), while 18/30 (60%) had un-looped or stretched hearts (data not
shown). In addition, 23/30 (23/30, 77%) displayed microphthalmia,
and (6/30, 20%) displayed severe coloboma (data not shown). Both of
these phenotypes have been previously associated with a knockdown
of Gdf6a function (Asai-Coakwell et al., 2007).
With respect to eye patterning, morpholino inhibition of Tbx5
results in a severe reduction in the expression of efnb2a and bambi in
the dorsal retina (Figs. 6A, B, E, F), though some residual expression
does remain. Similar to that of gdf6a morphants, the expression of
aldh1a2 is absent in the dorsal retina upon inhibition of Tbx5 (Figs.
6C, D). The expression of ventral markers is unaffected in tbx5
morphants. Neither vax2 (Figs. 6G, H), ephb2 (Figs. 6I, J) nor aldh1a3
(Figs. 6K, L) are expanded in tbx5 morphants, indicating that tbx5 is
not sufﬁcient for inhibition of the ventral patterning pathway as
shown by over-expression models.
Chemical inhibition of Smad signaling partially phenocopies morpholino
inhibition of Gdf6a
As an alternative to knocking down Gdf6a signaling via morpho-
linos and over-expression of inhibitory Smads, we also incubated
embryos in Dorsomorphin, a chemical inhibitor that speciﬁcally
blocks the phosphorylation of Smad 1/5/8 proteins (Yu et al., 2008;
Hao et al., 2008). Incubation of embryos in Dorsomorphin results in a
marked reduction in nuclear Smad 1/5/8 phosphorylation (n=9/13)
(Figs. 7A, B). As expected, the expression of tbx5 was also reduced
(n=14/15, Figs. 7C, D). Unlike morpholino inhibition of Gdf6a,
incubation in Dorsomorphin has only a subtle effect on the expression
of vax2, as the dorsal boundary of expression is only slightly expandedcompared with that of gdf6a morphants (n=8/16 Figs. 7E, F). Thus,
Dorsomorphin is only able to partially phenocopy gdf6a morphants
with respect to dorsal–ventral retinal patterning.
Gdf6a is required for lens development
Inhibition of Gdf6a can cause defects in lens development,
including size reduction, degeneration, or extrusion from the devel-
oping eyecup (Asai-Coakwell et al., 2007). Bmp signaling is active in
the dorsal half of the lens, as indicated by the phosphorylation of
Smad 1/5/8 proteins (Figs. 1A, 7A). Smad 1/5/8 phosphorylation in
the lens is eliminated in gdf6a morphant embryos (Fig. 1B), however
lens development appears to initiate normally in gdf6a morphants,
with no observable defects between 18 and 24 hpf. We therefore
examined the expression of genes involved in later stages of lens
development, including those required for lens ﬁber differentiation.
The expression of lens intrinsic membrane protein 2.3 (lim2.3, an
ortholog of mammalian LIM2) is robustly expressed in the lens at
28 hpf (Fig. 8A), and is severely down-regulated in gdf6a morphants
(Fig. 8B). Moreover, expression of cx23, a connexin required for
hemichannel formation speciﬁcally in the lens (Iovine et al., 2003), is
down-regulated upon inhibition of Gdf6a (Figs. 8C and D). The
expression of crystallin genes is associated with the differentiation of
lens ﬁber cells (Morozov andWawrousek, 2006; Boswell et al., 2008),
and are found at high levels in the lens at 28 hpf (Thisse and Thisse,
2004). The expression of crystallin ba2a (cryba2a), is highly down-
regulated in gdf6amorphants (Figs. 8E, F), while the expression of the
closely related cryba1b is down-regulated (G, H), although more
subtly than cryba2a. We stained nuclei and differentiating lens ﬁbers
in order to assess potential phenotypes involving lens ﬁber differ-
entiation in gdf6amorphants (Figs. 8M, N, Q, R). We also stained lens
sections with phalloidin, which binds to ﬁlamentous actin and thus
Fig. 8. Lens-speciﬁc gene expression is deregulated in gdf6amorphants. The expression of lim2.3 is down-regulated at 28 hpf in gdf6amorphant embryos (A, B), as is the expression
of cx23 (C, D) and crystallin ba2a (E, D). The expression of the related crystallin ba1b is also down-regulated (G, H). At 4 dpf, there is little difference in the organization of F-actin in
gdf6a morphants, as no changes in phalloidin staining are observed (I, J). There is also no change in nuclear staining, indicating no residual nuclear retention in gdf6a morphants
(Q, R). There is however a slightly higher level of Zl-1 staining in the morphant lens, which identiﬁes differentiating lens ﬁbers (M, N). Incubation in Dorsomorphin has no effect of
lens development (K, O, S, W), but when combined with gdf6a morpholino inhibition, ectopic phalloidin and Zl-1 is observed in the lens (L, P), and there is evidence of nuclear
retention (T). A merged image of all staining is shown in panels U–X.
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with respect to phalloidin staining in gdf6a morphants (Fig. 8J). The
staining of differentiating lens ﬁbers by the Zl-1 monoclonal antibody
was increased in (5/8) 62.3% morphant lenses (Fig. 8N), however the
lens is clear and devoid of nuclei (Fig. 8R). To further inhibit Bmp
signaling at later stages of lens development, wildtype and gdf6a
morphant embryos were incubated in Dorsomorphin. Dorsomorphin
on its own has no effect on lens development (Figs. 8K, O, S, W),
however when added to gdf6a morphants, immunoreactivity is
increased for Zl-1 (Fig. 8P, n=6/6), and nuclei are visible within the
lens (Fig. 8T, n=4/6), indicating aberrant lens ﬁber cell differentia-
tion in these embryos. Ectopic phalloidin is also observed in the lens of
these embryos (Fig. 8L). The relative positions of ectopic nuclei,
phalloidin and ZL-1 immunoreactivity can be seen in merged images
(Figs. 8U–X).
Discussion
As the eye forms, cellular identity is speciﬁed along both nasal–
temporal and dorsal–ventral axes, promoting differential fates of cells
within these distinct regions. Bmp growth factors are critically
important for eye development, as mutations in Bmp signaling
components have been mapped in human patients with oculardisorders (Asai-Coakwell et al., 2007; Bakrania et al., 2008; Asai-
Coakwell et al., 2009). Studies in model organisms have revealed a
speciﬁc role for Bmps in dorsal–ventral patterning of the retina (Gosse
and Baier, 2009; Sakuta et al., 2001, 2006; Plas et al., 2008; Behesti
et al., 2006). This research shows a clear role for Bmp signaling in
retinal patterning, but the signal that initiates dorsal identity has
remained unclear. Here, we show that in a zebraﬁsh model system,
Gdf6a is both necessary and sufﬁcient to initiate dorsal retinal identity.
Loss of Gdf6a results in profound alterations to patterning of the
nascent optic vesicle with loss of dorsal markers such as tbx5 and
expansion of ventral markers such as vax2. An analysis of dorsal–
ventral identity demonstrates that this early alteration of patterning
results in later effects on eph and ephrin gene expression and therefore
affects regional cell identity in the retina. In other model systems,
dorsal–ventral retinal patterning requires the actions of Bmp4 (Sakuta
et al., 2001, 2006). Although Gdf6a is able to transcriptionally regulate
bmp4 expression at later stages of eye patterning, our data indicates
that bmp4 is not expressed near the presumptive dorsal retina during
initiation of retinal identity. Furthermore, we conclude that Bmp4 is
not necessary for the initiation or maintenance of retinal patterning,
as knockdown of Bmp4 produces no discernable retinal phenotype
(Supplementary Figure 2). In these bmp4 morphant embryos, the
expression of dorsal retinal markers is initiated normally at the 6
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argue against a role for bmp4, there are other bmp genes expressed in
the eye at early stages, such as bmp2b (Veien et al., 2008). As Bmp
ligands are known to function as heterodimers (Little and Mullins,
2009), it is plausible that Bmp2b and Gdf6a cooperatively pattern the
dorsal retina. However, the absence of eye-speciﬁc Smad phosphor-
ylation observed in gdf6amorphant embryos indicates that any other
retinal Bmp signaling must be dependent on Gdf6a.
Corroboration for these morpholino-based experiments is pro-
vided by a novel gain-of-function approach, where components of the
Gdf6a signaling pathway are expressed under regulatory control of the
medaka rx3 promoter. By expressing gdf6a and a constitutively active
form of the human BMPR1a receptor in retinal progenitor cells, it is
possible to induce markers of dorsal cell fate such as tbx5 and bambi,
and inhibit markers of ventral cell fate such as vax2. Similar
phenotypes are observed when gdf6a is over-expressed in a bmp4
morphant background (data not shown), again supporting the idea
that Bmp4 is not required for Gdf6a dependent retinal patterning.
It has been shown that other signaling mechanisms such as the
Wnt signaling pathway (Veien et al., 2008; Zhou et al., 2008) can act
during the maintenance phase of retinal patterning, and regulate the
expression of bmp genes including gdf6a (Veien et al., 2008). Through
careful time course analysis, our data clearly shows that gdf6a acts at
the initiation stage of dorsal patterning. Expression of gdf6a is ﬁrst
detected in the optic vesicle at 6 somites, the same time that Smad
phosphorylation and the expression of dorsal markers are initiated. In
gdf6a morphants, no Smad phosphorylation is observed at 6 somites,
and the expression of tbx5 is never initiated. We show that Gdf6a can
regulate the expression of the Bmp pseudoreceptor bambi, which can
positively regulate the Wnt signaling pathway (Lin et al., 2008).
Therefore, in addition to initiating dorsal retinal patterning, Gdf6a
signaling may also ensure positive regulation of maintenance phase
signaling components.
Propagation of Bmp signaling can involve both the Smad 1/5/8,
pathway, as well as the p38 MAPK pathway (Haynes et al., 2007).
Knockdown of Gdf6a results in a loss of Smad 1/5/8 phosphorylation
at all stages tested, supporting a role for this intracellular signaling
cascade for the propagation of Gdf6a retinal patterning signals. Over-
expression of the inhibitory smad7 can inhibit dorsal identity in the
early optic cup further supporting this hypothesis. These results are
further validated by Dorsomorphin, an inhibitor of Bmp dependent
Smad phosphorylation (Yu et al., 2008; Hao et al., 2008), which is
able to inhibit the expression of tbx5. Thus, it is likely that tbx5 is a
target of Bmp dependent Smad signaling. Chemical inhibition of the
p38 MAPK pathway does not affect the expression of any of the
dorsal of ventral retinal markers used in this study (data not shown).
Taken together, these data are consistent with a model whereby
Gdf6a is both necessary and sufﬁcient to drive dorsal retinal
patterning in the vertebrate retina through the Smad signaling
cascade, which is required for polarized expression of tbx5 and other
dorsal determinants.
The expression of ventral markers in the retina also appears to be
independent of Tbx5 function, as morpholino inhibition of tbx5
reduces dorsal marker expression, but has little effect on ventral gene
expression. At a developmental stage of 10 somites, the expression of
tbx5 is completely lost in gdf6amorphants, while vax2 is not expanded
throughout the retina, further supporting this hypothesis. This
contradicts models from over-expression experiments where ectopic
tbx5 inhibits the expression of ventral vax2 gene expression
(Koshiba-Takeuchi et al., 2000). Taken together with the results of
over-expression models, tbx5 is sufﬁcient to drive expression of dorsal
retinal markers, but inhibition is not sufﬁcient to allow for expansion
of ventral retinal markers. Overlapping functions of other tbx paralogs
in the zebraﬁsh genome may be able to compensate for a loss of Tbx5
function, thereby maintaining the dorsal limit of vax2 expression. At
early stages of eye development tbx2b is expressed in the developingeye ﬁeld (Gross and Dowling, 2005), and is thus a likely candidate for
this proposed partial redundancy. In addition, inhibition of Tbx5 has
little effect on Bmp signaling, as Smad phosphorylation is only subtly
reduced in tbx5 morphants (data not shown), indicating that Tbx5
functions downstream of Gdf6a signaling in the retina, but upstream
of other dorsal retinal determinants such as bambi and aldh1a2.
In addition to retinal patterning, Bmp molecules have been
implicated in the development of the lens in whole animal and cell
culture systems (Boswell et al., 2008; Belecky-Adams et al., 2002;
Faber et al., 2002). Our data builds on current knowledge, extending
the spectrum of Bmp molecules that can affect lens development to
includeGdf6a. Inhibition of Gdf6a results in the absence of Smad1/5/8
phosphorylation in the lens, and down-regulation of numerous lens-
speciﬁc genes including cryba2a and lim2.3. Genes of the crystallin
family are associatedwith lens ﬁber differentiation, andmutations in a
human ortholog of lim2 cause lens opacity (Shiels et al., 2007; Ponnam
et al., 2008). At 4 dpf, the gdf6amorphant lens appears clear and there
is no evidence of nuclear retention in the lens ﬁber cells as seen in
many zebraﬁsh models of lens opacity (Vihtelic et al., 2005; Goishi et
al., 2006). This may be the result of reduced effectiveness of
morpholinos at later stages of embryonic development (Evans et al.,
2005). However when combined with Dorsomorphin, lens formation
is disrupted as evidenced by increased immunoreactivity for differ-
entiating lens ﬁber cells and nuclear retention. This suggests that
although aspects of lens development may proceed normally in gdf6a
morphants (for example, efnb2a is expressed normally and cryba1b is
onlymildly affected) terminal differentiation of lens ﬁber cells in these
embryos is disrupted. Identical phenotypes are observed through
knockdown of transcription factors such as pitx3 and foxe3 (Shi et al.,
2005, 2006), however we have not addressed in this study whether
Gdf6a functions within the same genetic pathway as these molecules.
In summary, we have shown that Gdf6a is both necessary and
sufﬁcient to initiate dorsal gene expression in the developing
zebraﬁsh eye through both knockdown and over-expression analyses.
In the absence of Gdf6a signaling, the retina is competent to adopt a
ventral state. In the lens, development of ﬁber cells is dependent of
Gdf6a and likely other sources of Bmp signaling.
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